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1.0 - PROGRESS SUMMARY

This report covers the work on photorefractive tungsten bronze crystals for optical computing
carried out over the period of September 24, 1991, through March 23, 1993, in the Ferroelectric
Materials Department of the Rockwell International Science Center under Contract No. F49620-90-
C-0089. During this period, significant progress was made in the growth of tungsten bronze
(Ba,Sr)gTipNbgO;3, (BSTN), Baz_xerKl_yNabeSOl 5 (BSKNN) and K,BiNbsO;5 (KBN)
single crystals and the improvement of their photorefractive properties with respect to optical
computing applications. At Caltech, D.Psaltis and his group have characterized and studied the
performance of these materials for a number of optical computing device configurations, including
3-D memory storage and pattern recognition.

Because outstanding photorefractive properties and large size crystals are achievable within
the tungsten bronzes, this family offers a wide base of materials for optical computing applications.
Recent demonstration of the fixation of holograms in these materials is one step forward towards
that end. Implementation of various device concepts using these materials for different memory and
pattern recognition applications is underway.
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2.0 INTRODUCT]ION

The main objective of this work is to utilize the large photorefractive properties and variable
spectral response (0.4 to 1.0 pm) available in high figure-of-merit (n3rij/€) tungsten bronze
(Ba,Sr)gTi;NbgO;3 (BSTN), Sry ,Ca,NaNbsO;5 (SCNN), Ba,,Sr,K; ,NayNbsO,5 (BSKNN)
and K,BiNbsO,; 5 (KBN) single crystals to achieve exceptional performance in various short and
long term holographic storage, pattern recognition, image processing and interconnect applications.
Table 2.1 summarizes the ferroelectric and optical properties of these high figure-of-merit tungsten
bronze crystals. The work includes the necessary modifications in crystal compositions, growth
techniques and doping schemes to achieve the desired crystals size, quality and spectral range. This
is the first time these tungsten bronze crystals are available for optical computing and they have
distinct advantages over the current best candidates such as LiNbO4, BaTiO; and SBN. We expect
that these materials will provide the desired storage time and storage capacity needed for various
applications.

Table 2.1
Photorefractive Tungsten Bronze Crystals For Optical Computing

Composition T, (°O) S T n3ri J/€ Crystal dia.

(1012 myv) (cm)

BSTN (3:2) 170 €33 =230 r33=135 8.3 >1.5

BSTN (2.5:3.5) 116 €33 =345 133 =200 8.2 ~20

SCNN (2:90:8)) 270  €33=1740  r33=1200 8.1 >10

BSKNN-5 180 €33=250 33 =125 6.3 ~20

Tjj = electro-optic coefficient and € = dielectric constant
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Photorefractive single crystals developed under this program are being evaluated for optical
computing applications at Caltech (D. Psaltis), UCSD (Sing Lee) and at Rockwell International (J.
Hong) and based on these results, the necessary modifications in photorefractive crystals are being
made to achieve the desired material pe-formance. Recently, Psaltis and his group demonstrated the
fixing of holograms in tungsten bronze crystals and this will speed up our holographic storage

work. They have also planned various configuration to build optical disks for many different
applications. The overall goals of this program are summarized in Figure 2.1.

Photorefractive Tungsten Bronze Crystais for Optical Computing

Bequirements  —ee———tig»-|

Fast Response {~1 ms)

High Diffraction Efficiency
Long Storage Time (1-30 days)
High Dynamic Range

Storage Interconnects Processing
- 3-D volume holography - Reconfigurable holographic - Image processing
- 2-D optical disks interconnects - Pattern recognition

- Two photon 3-D storage

- Hologram fixation

- Programmable interconnects

- Neural network

- Convulation & correlation

Figure 2.1 -- Photorefractive tungsten bronze crystals for optical computing.
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3.0 °~ PROGRESS

During the past 30 months, significant progress was made in the development of high optical
figure-of-merit new tungsten bronze (T. B.) ferroelectric materials for optical computing. This
includes the growth of good quality doped photorefractive (Ba,Sr)¢TioNbgO;, (BSTN),
K,BiNbsO;5 (KBN), Baz_xerKl_yNabesOls (BSKNN) and Sr, ,Ca,NaNbsO;5 (SCNN)
single crystals, and the characterization of their ferroelectric and optical properties at Rockwell
International. The photorefractive properties and their applicability to optical computing has been
evaluated jointly at Caltech and Rockwell. The summary of our progress is as follows:

3.1 Accomplishments at Rockwell

3.1.1 Growth of Tungsten Bronze Crystals

Under this program, we have successfully grown and characterized tungsten bronze BSTN,
SCNN, BSKNN-5 and KBN single crystals for optical computing. This work is a part of our
continuing long-range effort to identify and grow high optical figure-of-merit tungsten bronze
crystals. Figure 3.1 summarizes the chronological development of tungsten bronze crystals in our
laboratory. The new bronzes such as BSTN, SCNN, BSKNN and KBN were identified and
grown from this general scheme because they possess approximately two times larger optical
figures-of-merit (Table 2.1) than the current best SBN and BaTiO3;. The BSTN and SCNN solid
solution systems have been studied for the first time in our laboratory and they are extremely good
candidates for photorefractive applications. KBN is a well known crystal system which has been
primarily used as substrate materials.

The electro-optic and ferroelectric properties of tungsten bronze BSTN, SCNN and BSKNN
crystals are distinctly different from one another:

1. BSTN: - Large transverse electro-optic coefficient, r33
- Filled tungsten bronze structure with 4 mm symmetry
- Almost no relaxor character

2. BSKNN - Large longitudinal electro-optic coefficient, g,

4
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- Filled tungsten bronze structure with 4 mm symmetry
- Almost no relaxor character

3. SCNN and KBN: - Largery3 and rg; coefficients
- Filled tungsten bronze structure with mm2 symmetry
- Low relaxor character

It is interesting to note that BSTN crystals behave like SBN in their electro-optic and
photorefractive characters, while BSKNN crystals resembles to BaTiO3. SCNN crystals combine
all of these features; hence this crystal is potentially important for data storage and holographic
memory applications. However, SCNN crystals are more difficult to grow because they are
orthorhombic at room temperature and undergo two phase transitions during cooldown from
elevated temperatures.

je88 3990 3992 3993-1994

BSTN

BSKNN-5 o | ™
SBN Coupling » 35 em™!
- Excelent FOM Storage:

- Large ske and Excelent As Grown > 1 Day
Optical Quality Oxidized 18 Dqu

large r33 & r5q
SCNN
KBN

Current Status

Figure 3.1 -- Chronological development of tungsten bronze ferroelectric crystals.
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All of these new crystals have been grown by the Czochralski technique equipped with an

automatic diameter controlled (ADC) unit and we have been successful in growing a number of
BSTN, BSKNN, SCNN and KBN crystals doped with Ce and Rh in optical quality. A brief

summary of our work is given below:

Crystal C " Growth Temp (°C) Crystal Digmeter (cm)
BSTN (2:1) 1490 ~ 18
BSTN (2.5:3.5) 1495 > 1.8
BSKNN-5 1470 ~ 1.0
SCNN (9:1) 1505 ~ 1.0
KBN 1050 > 2.0

BSTN Crystals: Crystals grown in this study are tetragonal at room

temperature and show almost no relaxor character. Ferroelectric and optical
characterization of BSTN indicates that the optical figure-of-merit (n 3"ij/€)
is almost two times larger than for photorefractive SBN:60 and BaTiO4
crystals with significantly higher phase transition temperatures. The speed,
coupling and storage time are better than in SBN due to a low dielectric
constant and are significantly enhanced with the application of an electric
field. Currently, these crystals are being grown in excess of 1.8 cm
diameter as shown in Figure 3.2, and we expect that the size can be
increased to 4 cm by adjusting the growth conditions. Detailed information
on the phase diagram, growth conditions, and ferroelectric and
photorefracive properties are given in the attached papers (Appendix 6.1 and
6.2).
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1.8 cm Diameter
9.5 cm Length

Figure 3.2 -- Czochralski-grown Ce-doped BSTN single crystal.

BSKNN-5 Crystals: This crystal is tetragonal at room temperature and
it resembles BaTiOj in its electro-optic character. The speed and coupling
are slightly better than BaTiO and they also exhibit enhanced performance
with the application of external field (~ 5 kV/cm). These crystals are easier
to grow than BSTN and currently we have grown these crystals in sizes up
to 2.5 cm diameter with excellent optical quality.

SCNN Crystals: Orthorhombic tungsten bronze SCNN crystals indicate
large and nearly equal transverse (r33) and longitudinal (rs,; ) electro-optic
effects, thus combining the excellent features of both SBN and BaTiOj.
These crystals could therefore have a significant impact on 3-dimensional
storage applications. This composition also exhibits a high T, (270 °C) and
it has a filled bronze structure and consequently should show higher storage

times. However, since SCNN has two phase transitions above room
7
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temperature, larger crystals crack on cooling through these phase
transitions. Our recent work on SCNN indicates that the addition of Ba2*
reduces the cracking of crystals while maintaining reasonably high electro-
optic coefficients. We plan to continue BSCNN growth in this program with
other suitable cations for optical computing studies. If we succeed in scaling
up crystal size for this crystal, it could have great potential for various
optical functions.

KBN Crystals: These crystals are orthorhombic (mm2) at room
temperature and, as shown in Figure 3.3, can be grown in large sizes.
These Bi3+-containing crystals exhibit a spectral response beyond 1.0 pm
and could be potentially useful in that spectral range. At present there is no
oxide single crystal which is good in this region. However, we have been
unsuccessful in identifying the true polar direction in these crystals.
Currently, efforts are underway to determine the polar direction and then we
will establish its importance for optical computing.

Figure 3.3 -- Czochralski grown Ce-doped KBN single crystal.
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3.1.2- Roje of Dopants

Dopants provide the traps that are essential for photorefractive response in tungsten bronze
crystals. During the course of this study, we optimized the use of various dopants in pairs (double
doping) chosen to achieve the desired speed, coupling and dark conductivity necessary for optical
computing functions. Figure 3.4 summarizes the criteria we used to select these dopants in our
work.

We have systematically investigated the role of various dopants in BSTN and BSKNN-5 and
found that combinations such as Ce3* + Fe3* and Ce3* + Mn3* are suitable to achieve the desired
speed, coupling and dark conductivity. Further efforts are under way to enhance these properties,
specifically the storage time, by optimizing the concentration of these dopants and their site
preferences in these crystals. Our current best results are:

- Speed of Response: 20-60 ms

- Coupling: - >20cm’!

- Dark Conductivity: 1015 to 10-160hm1cm'!
IMPORTANT PARAMETERS

- Completely oxidize Nb

- Dopants and Their Site Preference | APPROACH | 1.\ hia Doping Scheme
- Controlof the Nb>* to Nbd+ nmg e pig

1. Ngit = NaiNp - NN (DonorrAccep®r Ratio)
2 Swbie Under Growth Conditions

Usetul Dopants Unsuitsble D pants
- Ced+ 4 Fed+ - CPR+ 4 Rh3+
- Ce3* 4 Mnd* < CR* 4 Fe¥*
* Excsllent Photorefractive properties - Excelient Photorefractive properties
* Stable Valence States - Shalow traps

Intrinsic high responsae of filled BSTN and BSKNN-5
bronze crystals allow s trade of sp ed for atorage time

Figure 3.4 -- The role of dopants in tungsten bronze crystals.
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3.2 Accomplishments at Caltech
3.2.1  Photorefractive Characterization

1. Ce-doped BSTN has been experimentally characterized in terms of
photorefractive sensitivity and two-wave coupling gain. Figure 3.5 shows
typical experimental data for the intensity of diffracted light as a function of
time. The sensitivity derived from this measurement for BSTN is about 64
mJ/cm2. This sensitivity is much better than that of the best Ce-doped
SBN:60 and BaTiO3 photorefractive crystals. We expect that these
properties will be substantially enhanced by adjusting the proper doping
concentrations and improving the crystal quality. The improvements in
photorefractive properties for BSTN are related to the higher optical figure-
of-merit in this material.

0.0000006 ' , T , s

=3 -

0.0000005 }- =

5 .

0.0000004 - —
E

© B J
v

g 0.0000003 |- —
o

£ s .
o

0.0000002 - _1

- -

0.0000001 U Total density = 21.1 mw/cm2 —

1 ] 1 ] 1
0.0000000 G 5 60 750

Time (seconds)

Figure 3.5 -- Intensity of the diffracted light as a function of time.
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2. A two-wave coupling gain of 25 cm’! was measured for the same BSTN
crystal. Preliminary measurements under an applied field of 5 kV/cm show
a significant increase in coupling (> 30 cml). Similar measurements on
SBN:60 and BSKNN-2 under applied field have shown that both the
diffraction efficiency and the ratio of erasing time to writing time increase
dramatically.! The sensitivity of gain with applied field in Ce-doped BSTN
indicates that these key properties will also increase significantly in BSTN.

3. A method for maintaining recorded holograms during read-out has been
demonstrated using a tungsten bronze SBN crystal for storage and two
BaTiO; crystals as phase conjugate mirrors. Figure 3.6 shows
experimental curves for the change in hologram diffraction efficiency with
time. Under these three conditions the system reached an overall steady
state diffraction efficiency of about 0.845%, independent of the initial
conditions. By this means the strong photorefractive properties available in
tungsten bronze materials can be used for non-volatile storage with better
performance.

0.03

0.02

0.01

Diffraction Efficlency

0.00!
0 100 200 300 400 500

Time (seconds)

Figure 3.6 -- Changes in the diffraction efficiency with time.
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applications. Also, we anticipate that the dark conductivity should be low in these crystals and thus
they should retain holograms for longer periods than SBN and BaTiOj.

SC-2739-T

Out-plane polarization

lllljllllll

0.05

0.04

0.03

0.02

Diffraction efficiency

0.01|— -

0 | 1 | 1 I ' | 1 I 1

0 120 240 360
Rotation angle ¢ (degree)

Figure 3.8 -- Diffraction efficiency 7 as a function of the disk rotation angle for LINbO;.

3.2.3  Fixation of Holograms in Tungsten Bronze Crystals

Photorefractive holograms stored in Srg 55Bag95Nb,Og (SBN:75) crystals have been
electrically fixed at room temperature. This is the first time holographic fixation has been achieved
in this family of materials and this will allow us to fabricate various disks for 3-D and 2-D
memories as well as for optical pattern recognition. The fixed holograms can be read out directly
or after the application of a positive voltage which can dramatically enhance the diffraction
efficiency. Single gratings as well as as images can be recorded and fixed.

13
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3.2.2 Holographic Disk Development

A number of concepts for implementing 3-D memory storage using tungsten bronze crystals
have been identified (Figure 3.7), and their storage capacities have been estimated. Witha 5 cm
diameter disk, and each hologram occupying 10 mm? of the disk and 1,000 holograms
superimposed at each location, the total storage capacity approaches 2 x 1011 pixels.

8C-2737-
T

Signal
Reference beam

(reflection type)

SLM

Reference beam

(transmission type) Detector/CCD

Figure 3.7 -- Schematic diagram of 3-D memory system.

Figure 3.8 shows the experimental curve of diffraction efficiency as a function of the disk
rotation angle for LINbO 3. Note that there is a 3-fold symmetry along the rotational axis. For
crystals belonging to the 4mm symmetry such as BSTN, SBN or BaTiO,, the diffraction
efficiency should be independent of the rotational angle.

Both BSTN and BSCNN offer significant advantages over LiNbO5, SBN:60 and BaTiO,
because of their superior photorefractive properties. In both of these crystals, holograms can be
written much faster, while in BSCNN the storage capacity is greater because two large electro-
optic coefficients are available for writing holograms. This is a unique crystal for holographic

12
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The crystal sample used in the experiment was grown and poled at the Rockwell International
Science Center. This sample was Rh3+-dopcd with dimensions of 6 x 6 x 6 mm, with its ¢ axis
parallel to the edge. An external electric field was applied along the c axis, and it is called positive
as its direction is same as that of the initial poling field. In this experiment, a holographic grating
was recorded in the completely poled crystal without any applied field. After the diffraction
efficiency reached its saturation value, the recording beams were blocked and a negative voltage
pulse with amplitude V = - 1kV and duration t = 0.5 sec. was applied to the crystal, which caused
diffraction efficiency to fall quickly. After the voltage pulse was removed, diffraction efficiency
recovered to a portion of its initial value before the pulse. Then the crystal was illuminated with a
non-Bragg-matched erasing beam, and diffraction efficiency decreased further until it reached a
steady state value of ~0.06%. This fixed grating could not be erased by the erasing beam. Then the
erasing beam was blocked and a positive voltage pulse, with amplitude = + 2 kV and duration of a
few seconds, was applied to the crystal. During the positive voltage pulse the diffraction efficiency
was 1.8% and after the pulse a grating with diffraction efficiency of 0.4% was revealed. This
revealed grating can be optically erased. The experimental results of recording, fixing, revealing,
and erasure are shown in Figure 3.9.

10~ — ' — — Y , .
c
. 107"} 1
% P‘h,_“ fixed
grating
~ ~0.8% revealed
= {n r ) grating
2 o} | ] o~ (m0s%)
3 B
Q
£ V
2 10} .
A D E
lo-l. A A [l 1 - A P
() 200 400 600 800 1000

Time (seconds)
Figure 3.9 -- Diffraction efficiency as a function of time for fixing with a negative voltage pulse.
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4.0 CONCLUSIONS AND RECOMMENDATIONS
We propose the following recommendation for future research work in this area:
1. Improve crystal quality of BSTN and BSKNN-5
2. Storage time vs dark conductivity.

3. Holographic fixation and memory device concepts.

4.1 Growth of BSTN and BSKNN Crystals

We will continue to improve the crystal quality and size of these crystals. In the case of BSTN,
we have begun to control the thermal gradient in the melt via computer control, and we expect that
higher optical quality will be achieved, as we have previously demonstrated for related tungsten
bronze crystals.l‘5 Once we achieve sufficient optical quality, we will scale up the size of this
crystal from 1.8 cm to 4.0 cm diameter. Since BSTN compositions are tetragonal at room
temperature, cracking of large crystals during cool-down through the ferroelectric phase transition
is generally not a problem.

BSTN crystals are being doped with cerium (Ce3*/Ce*) and Rh3*, and once their role is
established, we will try other dopants in these crystals. Photorefractive measurements show that
the coupling for Ce-doped BSTN is significantly higher than Ce-doped SBN:60 with longer
storage times.

The application of an external electric field has a pronounced effect on all photorefractive
properties, and as discussed earlier, it also makes it possible to fix holograms in these crystals.
Figure 4.1 summarizes our work tungsten bronze SBN and BSTN crystals using an external field.
We found that the application of such a field enhances the speed of response by an order of
magnitude and the diffraction efficiency by the factor 25 for SBN and 24 for BSTN, respectively.
We will continue to explore the effects of external fields on the photorefractive properties and the
fixation of holograms in these tungsten bronze crystals.

15
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HOST POPANTS
n3r e - RESPONSE: < 10Ms _ Velonce Stat
| - COUPLING: > 25CM° = Yalence Sunes
BSTN, BSKNN, SBN -STOARGE TIME : > DAYS - Site Preference
- Electric Field <10 kV
[_ Temperature e FXternal Factors
J(UC&), Caltech, US Army, Ro ckwell)
Crystal Erasing/Writing Ratio  Gain(Cm™) Field (KV/Cm)
SBN 0.35 25 o
8.75 > 90 13
BSTN 0.73 30 0
1821 > 60 10

Figure 4.1 -- Effect of external electric field on photorefractive properties.

4.2 Storage Time vs Dark Conductivity

The dark conductivity in tungsten bronze crystals is controlled by structural defects (15- and
12-fold sites partially empty), impurities and the valence states of both host and dopant cations
(Fig. 4.2). Structural defects can be reduced by utilizing filled bronze phases, e.g. BSTN,
BSCNN or BSKNN-5, while valence states are sensitive to oxidation-reduction conditions present
during growth. To achieve controllable and uniform oxidation/reduction in a given sample, we

need to address the following factors:

1. Diffusion (O, vacancy):

2. Control of Nb>* :

Sample thickness, temperature

and time

Temperature and O, partial

pressure
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Figure 4.2-- Dark conductivity in various photorefractive crystals.

We will study in detail the valence states of each dopant and their effects on dark conductivity

under partially reducing and oxidizing conditions. Based on this study, optimal processing

conditions for the selected dopants will be determined.

4.3 Holographic Fixation

We will continue to investigate holographic fixing in tungsten bronze SBN:75 and BSTN
crystals. We know from our current experiments that an external electric field is essential, but
details of the actual fixation process and its optimization are not well understood. At Caltech,
Professor Psaltis and his group are establishing the factors that are responsible for this

phenomenon.
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4.4 Fabrication of Memory Disks

The ability to fix holograms in tungsten bronze crystals opens up the potential for holographic
memory disks and optical pattern recognition. At Caltech, Professor Psaltis and his group are
presently adapting the technology established for LINbO; to tungsten bronze materials, with the
expectation that the bronzes will be more effective in their performance.
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ABSTRACT

Ferroelectric tungsten bronze single crystals based on the (Ba,Sr)¢Ti,NbgO;5, system have
been grown by the Czochralski technique and their ferroelectric and optical properties have been
established. The Ba2+:Sr2* ratio in these crystals was 6:0, 4:2, 3:3, and 2.5: 3.5. Although the
growth of these crystals is extremely difficult due to the presence of Nb3* and Ti%* cations on the
6-fold coordinated sites, we have been successful in growing these tetragonal (4mm) crystals > 1.5
cm diameter with the Ba:Sr ratio of 4:2 and 3:3. These crystals exhibit high spontaneous
polarization (> 30 pc/cm?) and low dielectric constants (« 400), thus providing a high optical
(rife) and piezoelectric (d33/€) figures-of-merit. Ce-doped BSTN crystals have a fast
photorefractive response and large two-beam coupling gain coefficient comparable to other bronze
crystals such Sr; Ba,Nb,O¢ (SBN), Baz_xSrXKl_yNabeSOIS (BSKNN) and Sr,
xCaxNaNbSOIS (SCNN), grown in our earlier work. Because ¢ ” the low dielectric constant and
high gain the optical figures-of-merit for BSTN is superior to SBN and BSKNN and as a result
should find many applications.




INTRODUCTION

We are engaged in a systematic study of the photorefractive properties available in ferroelectric
tungsten bronze and related systems (1-10). Our goal is to maximize both the photorefractive speed
and gain in the desired spectral range. We have classified the tungsten bronze ferroelectrics into
four categories based on their ferroelectric and optical characteristics as an aid in identifying the
most promising candidates for photorefractive applications (11-15). Currently, we have begun
exploring Ti%* - containing bronze systems where photorefractive speed is potentially faster than
in SBN while the two-beam coupling is comparable. These Ti%*-containing tungsten bronzes are
similar to the SBN solid solution crystals with respect to their ferroelectric and optical
characteristics.

This paper reports the growth and material properties of Ti**containing single crystals based
on ferroelectric (Ba, Sr)¢Ti,NbgO;; (BSTN) system. As shown in Figure 1, this solid solution
exists on the (1-x) BagTi,NbgO3, - (x) Sr6T12Nb8030 system and our current work show a
morphotropic phase boundary at x ~ 0.70 (16). On the BTN side of the phase diagram, the
structure is tetragonal (4mm) whereas at the other side of MPB the structure is orthorhombic
(mm?2).

200
(Ba,Sr)gTioNbgO3g System

o
o
g MPB Region
= 150 }—
c
§ 4/mmm
(]
c
2
- /
@ 100 |-
(2]
£ Tetragonal Orthorhombic

4amm mm?2

|
BagTi2NbgO3 Composition Mole% SrgTigNbgO 39

Figure 1 - Phase relation in the BagTi,NbgO;, -SrgTi;NbgOs, system.




EXPERIMENTAL

The (Ba,Sr)¢TiyNbgO;, (BSTN) solid solution system was initially studied using reagent
grade chemicals, specifically BaCO3,SrCO3, TiO, and Nb,Os. The appropriate weighed
materials were thoroughly mixed and calcined at 900°C and then sintered at 1250° to 1300°C. The
structure identification and solid solubility range of tetragonal and orthorhombic structures were
determined by x-ray diffraction measurements. The BSTN compositions were also studied using
DTA techniques to ascertain melting temperature and supercooling range.

For single crystal growth experiments, high-purity starting materials (Johnson Matthey, Ltd.)
were used. To maintain a high degree of homogeneity in the crystals, the starting materials were
thoroughly ball-milled before melting in a platinum crucible. The crucible was 2 in both diameter
and height, and was supported in a fibrous alumina insulting jacket. The furnace was rf induction-
heated at 370 kHz. All crystals were cooled through their paraelectric/ferroelectric phase transition
in an after-heater furnace.

A variety of techniques were used to evaluate the ferroelectric, pyroelectric and optical
properties of these crystals. Prior to measurements, the crystals were poled at room temperature
with a dc field of 8-10 kV/cm along the polar axis using either platinum or gold electrodes. The
completeness of poling was checked by measuring the dielectric constant and piezoelectric d 43
coefficient before and after poling.

RESULTS AND DISCUSSION

Table 1 lists the BSTN single crystals grown with their associated crystal growth conditions
and lattice parameters. All BSTN single crystals were grown using an automatic diameter
controlled (ADC) Czochralski technique used for other tetragonal and orthorhombic tungsten
bronze crystals.

The growth conditions used were as follows:

- Growth Temperature > 1480° - 1500° C
- Pulling Rate 4-6 mm/hr

- Rotation Rate 20-45 rpm

- Growth Atmosphere Oxygen

- Cooling rate 50-60°/h




- Growth Direction Along the c-axis (using BSTN seed materials).

Table 1
Growth conditions and properties of BSTN single crystals
Composition Growth Temp Lattice Constant (A)  Crystal Size

O a c (cm)
BagTi,NbgOy, (BTN) 1510 12.582 4.013 <1.0
Ba,Sr,NbgOy, (BSTN-1) 1490 12.501 3.985 >1.5
BaySr3Ti,NbgO;3 (BSTN-2) 1485 12.478  3.968 >15
Ba, 5Sr3 sTi,NbgOy, (BSTN-3) 1480 12.455  3.952 ~1.0
Ba,Sr,Ti,NbgO3" (BSTN-4) 1480
SrgTi,NbgO3," (STN) 1500

* Compositions are orthorhombic and are difficult to grow.

Initially, undoped SBN:60 crystal seeds of optical quality were used for these growths;
however, cracking of the boules was a severe problem during cool down. For this reason, we
grew small BSTN seed materials using platinum wire and these seeds were used in subsequent
growth experiments to reduce the cracking problem . BSTN-1 and BSTN-2 single crystals as large
as 1.5 cm diameter and 5-7 cm long were grown along the (001) direction, as shown in Figure 2
for BSTN-2. BagTi,NbgOs, single crystals were not grown in this study, but the results reported
in Table 1 are taken from the work of Ito et al (17-18). The other crystal compositions (BSTN-3,
BSTN-4 and STN) were grown in small sizes. As the SrZ*-concentration was increased,
specifically in the orthorhombic BSTN or STN crystals, the growth became extremely difficult.
Growth along other orientations, e.g. (100) and (110), was also tried, but the rate of crystallization
along those directions was extremely slow. For this reason, all succeeding growth experiments
were performed only along the (001) direction.

The Czochralski growth technique has been well developed for the growth of large size,
optical quality tungsten bronze crystals within several systems such as Sr;_ Ba Nb,Og (SBN),
Baz_xerKl_yNabeSOIS (BSKNN) and Sr,_,Ca,NaNbsO;5 (SCNN). Recently, we have been
successful in growing SBN:60 crystals in excess of 5 cm diameter (19-25). All of these crystal




Figure 2 - Tungsten Bronze BSTN crystal boule grown along the (001) direction.

Table 2
Ferroelectric and optical properties of BSTN single crystals

Composition T,  Dielectric Constant Polarization  Electro-Optic Coeff Piezo-Coeff

°C) € pC/em? x1012 m/V(**) pCN

BTN 245 €33 =209 22 T35 =180
€, =193

BSTN-1 167 €53 =235 33.2 r33 =200 dy3 =95
€, =182

BSTN-2 170 €33 =270 30.9 133 =148 dy3 =104
€n=-

BSTN-3 118 €53 =345 29.4 r33 =179 dy3 =125
€, = 248

BSTN-4 95*

STN 110, 270" €45 = 320

* Data is based on ceramic work (Ref. 16). ** Computed using equation 2.
The ferroelectric and optical properties of various BSTN crystals grown in this work are listed

in Table 2. Figure 3 shows the weak-field c-axis dielectric constant, €55 , for BSTN-3. This
composition shows an extraordinarily sharp second order phase transition at T, = 118°C where the
dielectric peak exceeds 110,000, the highest value we have ever observed in a tungsten bronze




compositions are based on solid solution systems; hence the establishment of true congruent
melting compositions within these systems is often difficult. Although we have suppressed various
growth problems for the tungsten bronze crystals including BSTN, cracking still is a concern for
BSTN crystals. The following two aspects seem to be responsible for this problem:

1. BSTN compositions are based on “filled” bronze structures i.e. both the 15- and 12-fold
coordinated lattice sites are completely filled, whereas in the case of SBN these sites are
partially empty.

2. The presence of two different cations, e.g. Nb5* and Ti** on the 6-fold coordinated sites.
This is the first example in our studies of a system having two different cations occupying
the 6-fold coordinated sites.

The growth of BSTN single crystals is extremely difficult compared to other tungsten bronze
crystals we have studied ( ). Since the Nb>* and Ti** in BSTN cations are distributed over two
6-fold coordinated sites in tungsten bronze structure, it is important to establish their distribution
in these sites (random or ordered). We have previously discussed that the quality of SBN crystals
depends strongly on the distribution of Ba2* and Sr2* over the 15- and 12-fold coordinated sites
(11-14). Generally, Ba2* prefers the 15-fold coordinated site and Sr2* the 12-fold coordinated site
in tungsten bronze SBN structure, although Sr2+ also occupies some 15-fold coordinated sites.
This distribution alters under different cooling conditions and thus introduces optical defects. To
obtain optical quality , crack -free SBN crystals, the growth and cooling conditions must be
carefully controlled to avoid the site exchanges which lead to these defects. For this reason, we
need to know the role of the Nb>*and Ti** cations and their distribution over the two 6-fold
coordinated sites in BSTN crystals and this will allow us to reestablish the growth conditions to
produce crack free and optical quality single crystals.

As shown in Figure 2, the growth habit of BSTN single crystals is similar to SBN with a
cylindrical shape having 24 well-defined facets (11-14). As also seen in SBN crystals, the width
of the (100) or (110) facets is always larger compared to other facets. Other example of this type
are the tungsten bronze Sr,KNbsO, 5 and Ba,KNbsO, 5 crystals ( ).




ferroelectric crystal. Furthermore, unlike bronze SBN:60, dielectric relaxation effects are virtually
absent in poled crystals over a 100 Hz - 100 kHz range except within 3-4° of T, as illustrated by
the temperature dependence of the 10 kHz dielectric loss in Fig. 3. The absence of strong relaxor
effects indicates that the cation site preferences remain consistent throughout the crystal bulk,

resulting in an extremely narrow distribution of phase transition temperatures. Other BSTN

compositions also show similar dielectric anomalies with low dispersion.

Dielectric Constantg,,
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Figure 3 - Polar c-axis dielectric constant vs temperature for BSTN-3.

Figure 4 shows the temperature dependencies of the spontaneous polarization, P; and the

pyroelectric coefficient of BSTN-3. The room-temperature spontaneous polarization is 29.4
uC/em?, slightly larger than in SBN:60 because of the higher phase transition temperature for

BSTN-3.
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Figure 4 - Spontaneous polarization, P53, and pyroelectric coefficient, p, for BSTN-3.

The temperature dependencies of the non-polar a-axis dielectric constant, €44, and dielectric
loss BSTN-3 are shown in Figure 5. The room-temperature dielectric constant is 248, roughly 1/2
the value found in SBN:60, while the dielectric losses are extraordinarily low, being less than
0.003 at room temperature over a 100 Hz - 100 kHz range, and dropping below 0.0002 above T .
This behavior suggests that the losses below T, are associated with a slight tilting of the polar
vector, P53, with the application of an electric field orthogonal to the c-axis, a phenomenon which
has also been postulated in the SBN bronzes on the basis of millimeter wave properties ( ).
Figures 6 and 7, show the behavior of the ac conductivities with reciprocal temperature for a- and
c-axis Ce-doped BSTN-3. Note again the very sharp behavior of the conductivity just below T, for
the ¢ direction. At a temperature above 300°C the conductivity becomes non-dispersive down to dc
with an n-type thermal activation energy of 1.29 eV; this is presumably the position of the Ce3*
donor level, although more work will be necessary to confirm this.
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Table 2 summarizes the major properties of BSTN crystals. One property of major importance
in the Table is the high value for the piezoelectric coefficient d33 (125 pC/N). From the
phenomenology for bronze ferroelectrics, ds5 is given by




d33 = 2Q33P3€338 )

where Q4 is the electrostrictive coefficient. Typically, Q33 has a value of roughly 0.035 m?/C?
(e.g., SBN ) which has been found to be largely invariant across the range of possible tungsten
bronze ferroelectric oxides. However, in the case of BSTN-3, Q33 is nearly twice as large at
0.069 m*/C? , with the resulting piezoelectric figure-of-merit, d33/€43 , also being twice that of
SBN:60. This is important for electro-optical and photorefractive applications because of the
similarity of the phenomenological expressions for the linear electro-optic constants, e.g.,

33 = 2833P1€53€, @

Where g4 is the transverse quadratic electro-optic coefficient, g33 ~ 0.1 m?#/C2 for tungsten
bronze crystals. There is evidence in the BSKNN system that g is proportional to Q ( ). A factor
of 2 increase in Q should lead to a corresponding increase in g for BSTN crystals. Therefore we
expect that BSTN crystals will also have twice the anticipated ry; ( and rs) and electro-optic
figures-of-merit up to a factor two larger than in SBN-type crystals.

As seen in Table 2, the computed transverse (r33) electro-optic and the measured piezoelectric
strain coefficient (d43) increased with increasing Sr2+ concentration in BSTN up to the MPB
region. Both optical (rijle) and piezoelectric (d35/€) figures-of-merit are largest for BSTN-1
crystal. However, these differences in figures-of-merit are small, and all of these BSTN crystal
compositions are excellent choices for both optical and piezoelectric applications. We are currently
attempting to grow orthorhombic BSTN as well as SrTi,NbgOz (STN), and we expect both the
transverse (r33) and longitudinal (r5;) electro-optic coefficients will be very large near the MPB
region.

PHOTOREFRACTIVE PROPERTIES

The photorefractive properties Ce-doped BSTN-1 have recently been determined by Wood et
al (26) with a cube and plate having dimensions of 5 x 5 x 5 mm and 5 x § x 1 mm, respectively.
The properties have been derived from two-beam coupling measurements and they are similar to
Ce-doped SBN:60. The concenrtation of Ce3*/Ce?* in BSTN crystal is 0.02 wt% with a linear
absorption at 488 nm of o = 2.45 cm’l. The effective density of charge at this dopant concentration
was measured to be 6.4 x 1016 cm™3-This density yielded an inverse Debye screening length of ko‘1
= 87 nm. The dominant charge carrier was found to be electrons. By assuming the predicted




electro-optic coefficients, the electron-hole competition factor was measured to be § = 0.5,
indicating 3 times more electrons are participating in charge diffusion than holes. The largest two
beam coupling gain coefficient measured with extraordinary polarization to take advantage of the
large r33 was I' ~ 21 cm-), The time response was found to be exponetial and inversely
proporational to the incident intensity indicating a single active trap level and incident intensities
above the decay rate due to the dark current. The time response was found to be 1, = 0. 102/10-969
, where I is given in W/cm? and T/ 18 in seconds. From the time response it was determined that
the charge transport length is Ly = 128 nm.

Ce-doped SBN:60 and BSTN-1 show similar gain for the same effective charge density;
however, the BSTN-1 needed to be doped higher resulting in a larger absorption in order to
achieve the same charge density levels. At 1W/cm? the measured values of the two-beam coupling
response for BSTN-1 is 0.1 second (26) and can be compared to the measured value for SBN:60
of 0.3 second?” where both crystals had approximately the same effective charge density. This
observation indicates that Ce-doped BSTN has a 3x faster response and a coupling constant
comparable to Ce-doped SBN:60 with the same level of effective charge carriers.

BSTN crystals have a filled tungsten bronze structure and show piezoelectric figure-of-merit
d33/€53 which is approximately two times higher than SBN:60. We anticipate that the electro-optic
figure -of-merit (n3rij/£) is proportionately larger than SBN:60, but accuarte measurements of the
linear electro-optic is currently underway. These crystals also show very sharp phase transition
behavior compared to the relaxor behavior found in SBN. However, the phootrefractive

measurements strongly indicate that substantially high optical figure-of-merit for these crystals with
photorefractive response speed at least 3 times faster than SBN for the same effective charge
density. These preliminary results indicate that by optimizing the dopant valence states and their
concentrations, the photorefractive speed and coupling should improve considerably.

Because BSTN has a filled tungsten bronze structure, its optical damage threshold should be
considerably higher as seen in other filled tungsten bronze BSKNN and K;Li,NbsO,5 (). Dark
conductivities are anticipated to be superior to SBN type crystals due to the filled structure and
reduced structural defects. These preliminary results are very promising for possible use in optical

computing and laser hardening applications. Our current goal is now to increase crystal size and
dopant optimization in these crystals.




CONCLUSIONS

Ferroelectric tungsten bronze single crystals based on the (Ba,Sr)¢Ti,NbgO3, system have
been grown by the Czochralski technique and their ferroelectric and optical properties have been
established. These crystals exhibit high spontaneous polarization (> 30 pic/cm?) and low dielectric
constants (< 400), thus providing a high optical (rijle) and piezoelectric d 45/€) figures-of-merit.
Ce-doped BSTN crystals have a fast photorefractive response and large two-beam coupling gain
coefficient comparable to other bronze crystals such Sr;_ Ba,Nb,Og (SBN), Ba, ,Sr,K;.
yNabeSOIS (BSKNN) and Sr,_,Ca,NaNbsO, s (SCNN), grown in our earlier work. Because of
the low dielectric constant and high gain the optical figures-of-merit for BSTN is superior to SBN
and BSKNN and as a result should find many applications.

ACKNOWLEDGEMENTS

This work was supported by DARPA (F49620-90-C-0089) and Rockwell International
Research and Development funding. The authors thank Professor L. E. Cross of the Pennsylvania
State University for his useful suggestions during the course of this work.

REFERENCES

1. G.J. Salamo, M.J. Miller, W.W. Clark III, G.L. Wood, E.J. Sharp and R.R. Neurgaonkar,
Appl. Optics 27(21), 4356 (1988).

2. E.J. Sharp, M.J. Miller, G.J. Salamo, W.W. Clark III, G.L. Wood, and R.R. Neurgaonkar,
Ferroelectrics 87, 335 (1988).

3. K. Sayano, G.A. Rakuljic, A. Agranat, A. Yariv and R.R. Neurgaonkar, Optics. Lett. 14(9),
459 (1989).

4. J. Ford, Y. Taketomi, S. Lee, D. Bize, S. Feinman and R.R. Neurgaonkar, Proc. SPIE
1148, 12 (1989).

5. G.L. Wood, W. W. Clark III, G. J. Salamo, A. Mott and E. J. Sharp, J. Appl. Phys.
11, 37 (1992).

6 E. J. Sharp, M. J. Miller, G. J. Salamo, W. W. Clark IIl, G. L. Wood, and R. R.
Neurgaonkar, Ferroelectrics §7, 335 (1988).

7. E.J. Sharp, G. L. Wood, W. W. Clark III, G. J. Salamo and R. R. Neurgaonkar, Opt. Lett.




10.

11.
12.

13.

14.
15.

16.
17.
18.
19.

20

21.

22.

23

24.

25.

17, 207 (1992).

S. G. Rabbani, J. L. Shultz, G. J. Salamo, E. J Sharp, W. W. Clark III, M. J. Miller, G. L.
Wood and R. R. Neurgaonkar, Appl. Phys. BS3, 323 (1991).

E. J. Sharp, W. W. Clark III, M. J. Miller, G. L. Wood, B. Monson, G. J. Salamo and R.
R.Neurgaonkar, Appl. Opt. 29, 743 (1990).

G. J. Salamo, M. J. Miller, EW. W. Clark III, G. L. Wood, E. J. Sharp and R. R.
Neurgaonkar, Appl. Opt. 27, 4356 (1988).
R.R. Neurgaonkar and W.K. Cory, J. Opt. Soc. Am. 3(B), 276 (1986).

R.R. Neurgaonkar, WK. Cory, J.R. Oliver, M.D. Ewbank and W.E Hall, J. Opt. Eng.
26(5), 392 (1987).

R. R. Neurgaonkar, W. K. Cory, J. R. Oliver, M. Khoshnevisan and E. J. Sharp,
Ferroelectrics 102, 3 (1990).
R. R. Neurgaonkar, W. E. Hall, J. R. Oliver and W. K. Cory,

R. R. Neurgaonkar, W. K. Cory, J. R. Oliver , E.J. Sharp, G. L. Wood and G. J. Salamo,
To be published Special Issue of Ferroelectrics, 1993.

R. R. Neurgaonkar, J.G. Nelson and J. R. Oliver, Mat. Res. Bull. 26, 234 (1991).

Y. Ito and H. Iwasaki, J. Phys. Chem. Solids 34, 1639 (1973).

Y. Ito, S. Miyazawa, T. Yamada and H. Iwasaki, Jap. J. Appl. Phys. 9, 157 (1970).
R.R. Neurgaonkar, W.K. Cory, J.R. Oliver, E.J. Sharp, G.L. Wood, M.S. Miller, W.W.
Clark IIT and G. Salamo, Mat. Res. Bull. 23, 1459 (1988).

R.R. Neurgaonkar, W.K. Cory, J.R. Oliver, M.J. Miller, W.W. Clark III, G.L. Wood, and
E.J. Sharp, J. Cryst. Growth 84, 629 (1987).
R.R. Neurgaonkar, W.K. Cory, W.W. Ho, W.F. Hall, and L.E. Cross, Ferroelectrics 38,
857 (1981).
R.R. Neurgaonkar, W.K. Cory, W.W. Ho, W.F. Hall, and L.E. Cross, Ferroelectrics 38,
857 (1981).

R.R. Neurgaonkar, W.K. Cory, J.R. Oliver and L.E. Cross, Mat. Res. Bull. 24, 1025
(1989).

R. R. Neurgaonkar, W. K. Cory, J. R. Oliver and L. E. Cross, J. Cryst. Growth §9, 463
(1988).

R. R. Neurgaonkar, W. K. Cory, J. R. Oliver, E. J. Sharp, G. L. Wood, M. J. Miller, W.
W. Clark III and G. J. Salamo, Mat. Res. Bull. 23, 1459 (1988).




APPENDIX 6.2

‘l‘ Rockwell International

Science Center

SC71041.FR

FERROELECTRIC PROPERTIES OF (BaSr)¢Ti,NbgO3y SINGLE CRYSTALS

21




FERROELECTRIC PROPERTIES OF (Bay_,Sty)¢Ti,NbgO3 (BSTN)
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INTRODUCTION

In the tungsten bronze (Ba_,Sr,)¢Ti,NbgOs (BSTN) system, the partial substitution of Ti%*
for Nb3+ in the 6-fold coordinated lattice sites permits all of the 15- and 12-fold sites to be filled by
Sr2* and Ba2* in what would otherwise be a partially- filled Sr,_,Ba,Nb,O4 (SBN) type structure.
The combination of a filled structure and the lower valence state of Ti encourages any dopant ions
to thus occupy the lower 9- and 6-fold lattice sites with the potential for photorefractive spectral
responses extending to the near-IR region.

An interesting feature of BSTN is that it is ferroelectric at both end members of the pseudo-
binary phase diagram (x = 0, 1), unlike the SBN system. Figure 1 shows the behavior of the
ferroelectric phase transition temperature, T, determined from dielectric data on ceramic
compositions. Note that T, does not decline monotonically with increasing Sr content, but instead
has a minimum in the vicinity of x = 0.70, suggesting the presence of a morphotropic phase
boundary where tetragonal and weakly orthorhombic phases may coexist. In this paper, we
describe the results for three tetragonal BSTN compositions grown as bulk single crystals using
the Czochralski technique.

EXPERIMENTAL RESULTS

We initiated the Czochralski crystal growths of several BSTN compositions in Ce-doped form
after first investigating the growth of undoped compositions. These crystals were pulled from
platinum crucibles at 1470 - 1475°C using a Czochralski puller with automatic diameter control to
insure tight compositional control. We initially used <001> oriented SBN:60 crystals as seeds for
these growths, but with continued crystal growth work we now have BSTN crystals of sufficient




quality to use as seed material; this has helped to improve the overall quality of the more recently
grown crystals.

Of the BSTN compositions investigated, the most recently grown composition, BSTN:38
(Ba:Sr = 38:62), has been the easiest to grow as fracture-free crystal boules, indicating that this
composition may lie at or near the congruent melting region of the phase diagram. If the latter
ultimately proves to be the case, this would make the congruently melting Ba:Sr ratio for BSTN
nearly identical to that of the congruently melting SBN:61.

Among the doped crystals, our work has focused primarily on Ce- doped BSTN:42 which has
a ferroelectric phase transition at T, = 116°C. Figure 2 shows the weak-field c-axis dielectric
constant, €33, as a function of temperature for an unannealed and annealed (700°C for 3 hours in
0,) Ce-doped (0.01 wt%) BSTN:42 crystal sample poled at room temperature with a dc field of 10
kV/cm. BSTN:42 shows a characteristically sharp second-order phase transition at T with the
dielectric peak exceeding 100,000, the largest value we have ever observed in tungsten bronze
ferroelectric crystals. Also shown in the figure is the dielectric behavior of the same crystal prior to
annealing. Unlike tungsten bronze SBN:60, dielectric relaxation effects along the c-axis are
virtually absent in poled crystals over a 100 Hz - 100 kHz range except within a 3 - 5° range of T,
and the room-temperature dielectric losses are typically less than 0.005 above 1 kHz. The absence
of strong relaxor effects indicates that the ionic site preferences remain fairly consistent throughout
the crystal bulk, resulting in an extremely narrow distribution of phase transition temperatures.
This behavior suggests the use of these crystals in high-frequency applications, perhaps up to
millimeter wave frequencies (e.g., phase shifters) where SBN:60 has been found unsuitable due to
high dielectric losses. However, indications from other BSTN crystal compositions are that the
dielectric losses near T, increase with lower Ba:Sr ratios, reflecting broader phase transition
distributions in these compositions.

Figure 3 shows the temperature dependencies of the spontaneous polarization, P5, and the
pyroelectric coefficient for Ce-doped BSTN:42. The room-temperature spontaneous polarization is
29.2 pcoulombs/cm?, slightly larger than in SBN:60 because of the higher phase transition
temperature for BSTN:42. Similar to bronzes such as SBN and BSKNN, the polarization over a
150° range below T follows a temperature dependence given by

P3 = Pyo(@y - U,




where Oy (= T;) is the Curie temperature of the ferroelectric phase. As discussed later, ©5; is not
necessarily equal to the paraelectric Curie temperature, ©;.

The temperature dependencies of the non-polar a-axis dielectric constant, €, and dielectric
loss are shown in Fig. 4. The room-temperature dielectric constant is €;; = 260, roughly 1/2 the
value found in SBN:60, while the dielectric losses are extraordinarily low, being less than 0.003 at
room temperature over a 100 Hz - 100 kHz range. These losses drop below 0.0002 above T,
suggesting that the losses below T are associated with a slight tilting of the polar vector, P3, with
the application of an electric field orthogonal to the c-axis, a phenomenon which has been
postulated in the SBN bronzes on the basis of millimeter wave properties.

Figure 5 shows the behavior of the 100 Hz - 10 kHz ac conductivities with reciprocal
temperature for c-axis Ce-doped BSTN:42. Note the very sharp behavior of the conductivity just
below T.. At temperatures above 350°C, the conductivity becomes non-dispersive down to dc
with an n-type activation energy of 1.32 eV. This value is consistent with that in Ce-doped
BSKNN crystals, and is presumably due to the Ce3+ donor level since the Fermi level in undoped
crystals is pinned at the 1.6 eV Nb**+ mid-gap donor/recombination level. Along the non-polar a-
axis, where dc measurements are not affected by pyroelectric currents, the dc conductivity (Fig. 6)
shows strictly Arrhenius behavior over seven decades with an activation energy E, = 1.35 eV,
deviating from linearity only at the low-temperature end where d€/dT effects influence the
measurement. The slight difference in activation energies for the two axial directions can be
attributed to a difference in the power-law temperature dependencies of the electron mobilities,
since these necessarily make small contributions to the measured E, values. For BSTN:42, the
ratio of orthogonal mobilities p /i1, = 2.6 to 1.7 up to 600°C.

Table 1 summarizes the major properties of Ce-doped BSTN:42 along with two other Ce-
doped compositions, BSTN:50 and BSTN:38. One property of particular importance in the Table
are the high values for the piezoelectric coefficient d33. From the phenomenology for bronze
ferroelectrics, d3 is given by

d33 =2Q33P3833€¢,

where Q3 is the quadratic electrostriction coefficient and € is the permittivity of free space.
Typically, Q33 has a value of roughly 0.35 m?/C2 (e.g., SBN compositions) among many of the




tungsten bronze ferroelectrics. However, in the case of BSTN:42 with d33 = 125 pC/N, Q33 is
nearly twice as large at 0.68 m?/C2, with the resulting piezoelectric figure-of-merit, d33/€33, also
being twice that of SBN:60. This is important for electro-optical and photorefractive applications
because of the similarity of the phenomenological expressions for the linear electro-optic constants,

e.g.,

T33 = 2833P3€33€,

where g5 is the transverse quadratic electro-optic coefficient. Our previous results with BSKNN-
2 crystals have shown these to have r33 values roughly twice as large (160 - 180 pm/V) as one
would predict from the above based on a g33 of ~0.10 m?/C2. Similarly, BSKNN-2 crystals also
have an effective Q13, and piezoelectric figure-of-merit, which are comparable to the large values
found in BSTN:42. Based on measurements on BSKNN and SBN crystals, we expect that the r
coefficients for BSTN will scale with the piezoelectric d coefficients as r ~ 2d; thus, we anticipate
that BSTN:42 crystals will also have unusually large values for r33 (and, r5;) and electro-optic
figures-of-merit which are roughly a factor of two larger than in SBN-type crystals. The computed
electro-optic values are shown in Table 1 for each BSTN composition based on their respective
measured ds3 coefficients.

A significant trend in Table 1 is the decline of the electrostriction constants and the figures-of-
merit with decreasing Ba:Sr ratios; this is particularly evident with BSTN:38. This crystal also
shows a more broadened phase transition compared to the other crystal compositions; this is
evident from the plot of the dielectric stiffness as a function of temperature shown in Fig. 7.
Considering the Curie-Weiss behavior of the dielectric constant in the paraelectric phase well above
T,

c

€33 = C4/(T - ©y),

it is seen from the figure that the extrapolated value of ©; = 144°C is 48° greater than T in
BSTN:38. This behavior is quite similar to what is found in tungsten bronze SBN:60. What is
especially interesting about the BSTN system is that the difference between ©; and T decreases
with increasing Ba content due to the fact that ©; changes very slowly compared to T For




example, for BSTN:50, ©; is only 9° above T, at 153°C, and the dielectric stiffness shows nearly
ideal linear behavior with temperature both above and below T

Ce-doped BSTN crystals show low room temperature dark conductivities of typically 10-15
ohml-cm! or better, but there is certainly room for further improvement based on prior experience
with undoped SBN:60. Since the dopant level lies energetically deep in the band gap, any
increased room-temperature conductivity primarily arises from the presence of shallow defect and
impurity levels, including vacancies, since the presence of only the compensated 1.32 eV Ce3+
donor would result in a dark conductivities at room temperature of approximately 4 x 10-20 ohm™1-
cm'l. Hence, continued progress with the purity of the starting materials and evolutionary
improvements in the growth technique should contribute to substantially lower room-temperature
conductivities in these crystals with a corresponding increase in the image retention time in
holographic applications.

N 1ON

Based on the excellent ferroelectric properties of these new crystals, we feel that BSTN:42, and
perhaps other future BSTN compositions, could have a very important role in high figure-of- merit
electro-optic and photorefractive applications. Work remains, however, to further improve the
optical quality of these crystals, particularly regarding the suppression of optical striations, and to
reduce the concentration of shallow impurity and defect levels.




Table 1
Ferroelectric Properties of Ce-Doped BSTN Crystals

BSTN:50 BSTN:42 BSTN:38

T, (°C) 143 116 96

At 23°C
€1 260 275
€ 33 270 360 540
tan § <0.005 <0.003 <0.002
P; (C/em?) 30.9 29.2 7.0
d33 (PC/N) 103 125 142
Q33 M%/C?) 0.070 0.068 0.055
ds3/€33 0.381 0.347 0.263
r33 (pvV)* 205 250 285
I33/€s5" 0.76 0.69 0.53

* Computed values based on r33 ~ 2d5.
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Figure 1 -- Phase diagram for the tungsten bronze BSTN system.
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Figure 2 -- Polar axis dielectric constant vs temperature for a Ce-doped BSTN:42 crystal. Sample
was annealed at 700°C for 3 hours in O,.
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Figure 3 -- Spontaneous polarization, P3, and pyroelectric coefficient, p, vs temperature
for Ce-doped BSTN:42.
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Figure 4 -- Non-polar a-axis dielectric constant and dielectric loss vs temperature for BSTN:42.
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Photorefractive holograms stored in Sro75BaossNb,Og crystals are electrically fixed at room temperature. The
fixed holograms can be read out directly or after a positive-voltage pulse is applied that can dramatically enhance
the diffraction efficiency. Single gratings as well as images are recorded and fixed.

Volume holograms recorded in photorefractive ma-
terials can find important applications in optical
memories and optical computing systems. One
problem with a photorefractive hologram is that it
gets erased by the readout light. Nondestructive
readout can be achieved by hologram fixing, and
several fixing methods have been reported. Thermal
fixing of holograms was demonstrated in LiNbO;,!
Bi;3S109,2 KNbQO;,2 and BaTiO;,* where a com-
pensating ionic charge grating (which cannot be
erased optically) is formed at an elevated crystal
temperature. Micheron and Bismuth demonstrated
hologram fixing in Srg7sBagsNb;Og (Ref. 5; SBN:75)
and BaTiO; (Ref. 6) through the creation of a ferro-
electric domain pattern by applying an external field
at room temperature. Hologram fixing in SBN:75
was also achieved by cooling the exposed crystal
through the ferroelectric phase transition.” Leyva
et al. demonstrated hologram fixing in KTa,_.Nb,O,
by cooling the exposed crystal under an applied
field through the ferroelectric phase transition.® In
general, electrical fixing is preferable from a practical
point of view because of its relative simplicity.

In this Letter we report the results of our investiga-
tion on electrical fixing of photorefractive holograms
recorded in SBN:75. We were able to reproduce
some of the effects that Micheron and Bismuth re-
ported in Ref. 5, but our observations were different
in several important respects. In addition, we report
two novel ways of electrically fixing holograms in
SBN:75 that give improved performance and demon-
strated that holograms of images can be fixed and
faithfully reproduced.

The crystal sample used in the experiment was
grown and poled at Rockwell International Science
Center. It has dimensions of 6 mm X 6 mm X 6 mm,
with its ¢ axis parallel to the edges. An eternal
electric field can be applied along the ¢ axis, and it
is called positive (negative) if its direction is same as
(opposite) that of the initial poling filed. In our ex-
perimental setup (Fig. 1), an ordinary-polarized plane
wave from an argon laser (A = 488 nm) is split into
three beams, two of which are used for recording a

0146-9592/93/121004-03$6.00/0

grating in the crystal, with the third used as a non-
Bragg-matched erasing beam. The grating vectors
are approximately parallel to the ¢ axis and the to-
tal recording intensity is ~10 mW/cm?. The diffrac-
tion efficiency 7 is monitored with a low-intensity,
extraordinary-polarized He—Ne laser beam incident
at the Bragg angie. The diffraction efficiency is cal-
culated by subtracting the background noise level
from the measured diffracted light and dividing the
difference by the transmitted light power.

In the first experiment, a holographic grating with
a grating spacing A = 11.6 um was recorded in the
completely poled crystal without any applied field.
After the diffraction efficiency n reached its satu-
ration value ( = 11%), the recording beams were
blocked, and a negative-voltage pulse with amplitude

= —1kV and duration ¢ = 0.5 s was applied to
the crystal, which caused 7 to fall quickly. After the
voltage pulse was removed, 5 recovered a portion of
its initial value before the pulse. Then the crystal
was illuminated with the non-Bragg-matched erasing
beam, and 7 decreased further until it reached a
steady-state value of » =~ 0.06%. This fixed grating
could not be erased by the erasing beam. Then the
erdsing beam was blocked, and a positive-voltage
pulse, with amplitude V = +2 kV and duration of a

’ Ar* (438 nm, ordinary)
Fig. 1. Optical setup.
© 1993 Optical Society of America
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Fig. 2. Diffracted light as a function of time for fixing
with a negative-voltage pulse (A = 11.6 um). The trans-
mitted light power in the absence of the gratingis 1.1 uW.
A, Hologram recording begins. B, Negative pulse is
applied. C, End of negative pulse. D, Optical era-
sure begins. E, Erasing beam is blocked and positive-
voltage pulse is applied. F, End of positive pulse. G,
Optical erasure begins.
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Fig. 3. Diffracted light as a function of time for fix-
ing with a constant negative voltage during recording
(A = 11.6 um). The transmitted light power in the ab-
sence of the grating is 1.1 uW. A, Hologram recording
begins and negative voltage is applied. B, Negative volt-
age is removed and recording beams are blocked. C,
Optical erasure begins. D, Positive-voltage pulse is ap-
plied (probe beam is blocked). E, Optical erasure begins.

few seconds, was applied to the crystal. During the
positive-voltage pulse, n = 1.8%, and after the pulse a
grating with n = 0.4% was revealed. This revealed
grating can be optically erased. The experimental
results of recording, fixing, revealing, and erasing are
shown in Fig. 2, where the diffracted signal is plotted
as a function of time during the different stages of
the experiment.

Comparing the results in Fig. 2 with Ref. 5, we see
that we were able to achieve electrical fixing, but
the fixed grating obtained in our experiment is much
weaker than that in Ref. 5. Another important dif-
ference is our observation of a revealed grating on
application of a strong positive voltage across the
crystal at relatively large grating spacings.

June 15, 1993 / Vol. 18, No. 12 / OPTICS LETTERS 1005

We have found that in general the strengths of
the fixed grating and the revealed grating can be
greatly enhanced by applying a constant negative
voltage during recording. With an applied voltage
of V= -500V, we recorded a grating with A =
11.6 um, using an exposure time of 50 s. Then the
recording beams were blocked, the applied voltage
was removed, and the grating was allowed to settle
down to a steady level. On illumination of the crys-
tal with the erasing beam, 7 decreased first and then
rose back to a steady state, indicating a fixed grating
of n = 0.8%. Finally, a positive-voltage pulse, the
same as the one used in the previous experiment, was
applied, which revealed a grating of » = 0.5%. This
experimental result is shown in Fig. 3.

The experiment described above was repeated for
several different grating spacings, and the results
are summarized in Fig. 4. Under our experimen-
tal conditions, the maximum diffraction efficiency
of the fixed grating is found to be 0.8% at A =
11.6 um. The revealed grating is observed only for
relatively large A, and its strength increases drasti-
cally with the increase in A, achieving approximately
17% diffraction efficiency at A = 29 um.

Finally, an image was recorded in the crystal as
an image plane hologram, and Fig. 5(a) shows the
reconstruction of the hologram. Figure 5(b) shows
the reconstruction of the fixed hologram. The fixed
hologram did not show any sign of degradationi un-
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Fig. 4. Diffraction efficiency as a function of grating
spacing for (a) the fixed grating and (b) the revealed

grating.




1006 OPTICS LETTERS / Vol. 18, No. 12 / June 15, 1993

(a) (b)

Fig. 5. (a) Reconstruction of the recorded hologram and
(b) reconstruction of the fixed hologram.
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Fig. 6. Cyclic fixing and revealing of the stored hologram
(A = 20.2 um), with the erasing beam off during the
entire process. A, Positive (revealing) pulse is applied,
with V = +1 kV. B, Negative (fixing) pulse is applied,
with V = -1 kV.

der illumination with the non-Bragg-matched erasing
beam for 2.5 h.

The fixing-and-revealing process that we described
was not observed when a positive rather than a
negative fixing voltage was applied. If we assume
that the mechanism responsible for fixing involves
compensating ions, then we have no obvious explana-
tion for the asymmetry regarding the polarity of the
fixing voltage. Similarly, if the mechanism involved
two types of photorefractive species,’ the effect would
not be sensitive to the polarity of the fixing voltage.
The fact that the fixed grating can be electrically
erased nearly instantaneously (less than 0.1 s) in
the dark (i.e., without redistribution of charge car-
riers among the trap sites) also indicates that the
effect does not involve two types of trap site that
compensate for each other. Therefore we believe
that the mechanism responsible for this effect is the
polarization grating formation suggested in Ref. 5.

Specifically, our observations can be explained as
follows. With the aid of the negative external field,
the electronic space-charge field established during
the holographic recording causes a spatial modula-
tion of the ferroelectric polarization. In the areas
where the space-charge field is negative, the local
polarization is modified (which corresponds to local

depoling or possible repoling in the opposite direc-
tion). This causes the decrease of both the mean lin-
ear electro-optic coefficient and the amplitude of the
space-charge field modulation. As a result, the am-
plitude of the refractive-index modulation decreases
on application of a negative voltage pulse, causing
the drop in the monitored diffraction efficiency.
Under the illumination of the erasing beam, the
electronic grating is erased further, until a balance
between the polarization grating and the electronic
grating is reached. The fixed grating observed is
attributed to the polarization grating for which the
electronic grating partially compensates. Finally,
a strong positive voltage applied to the crystal
erases the polarization grating (i.e.,, the ferro-
electric domains are realigned), revealing the com-
pensating electronic grating, which of course can be
erased optically. The enhancement of the diffraction
efficiency of the revealed grating during the positive-
voltage pulse (see Fig. 2) is attributed to the
nonlinear electro-optic effect in SBN:75.1° We have
developed a physical model that describes the
above process, and the predicted dependence of the
diffraction efficiencies on the grating spacing closely
matches our experimental observations.!!

The above experiments suggest two modes of
hologram fixing in SBN:75 crystals: the fixed polar-
ization grating and the revealed electronic grating.
Although the revealing process is destructive to
the polarization grating, it is possible to recreate
this grating by applying a negative-voltage pulse
after the electronic grating is revealed. These
revealing/fixing cycles were repeatedly performed
(shown in Fig. 6), and the diffraction efficiency of the
revealed grating (and thus the polarization grating)
remained unchanged.

This research is supported by the Defense Ad-
vanced Research Projects Agency and the U.S. Air
Force Office of Scientific Research. We thank Whye-
Kei Lye for his help.
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Abstract

We present a model describing the formation of a photorefractive grating in the
presence of photorefractively- inactive space-charge modulation. The treatment is
based on standard linearized Kukhtarev’s equations. The model developed is applied

to the interpretation of experimental results on electrical fixing in Srg.75Bag 25 NbyOg.




We present a model that describes the formation of a photorefractive grating in the presence
of a fixed grating. In general, fixing methods demonstrated in different photorefractive crystals
[1-7] create an optically unerasable charge or polarization distribution. The model predicts how
the fixed grating affects the formation of the ordinary photorefractive grating and also leads to
a spatially nonuniform mobile charge distribution even in the presense of a homogeneous illumi-
nation. There is good agreement between the predictions of the model and recent experimental
results(7] on electrical fixing of holograms in Srg 75Bag.2sNb2Os.

The dynamic behavior of the photorefractive effect is described by the following set of non-
linear coupled equations[8]. We neglect the contribution of the photovoltaic effect and assume

that only one type of carrier is involved:

ONE

*b = (alo + A)(Np — N§) = vencN )
jc = eunkE + ka#vne (2)
on. aNg 1_.
ot ot + evJc (3)
V (P, + eeoF) = e(Nf — ne — Na + pyiz/e) (4)

where N, - ionized donors concentration, n. - free electron concentration, N, - acceptor con-
centration, u- carrier mobility, 4. - recombination constant, P, - spontaneous polarization, F -
electric field. We consider a sinusoidal fixed charge distribution: pyi; = pyiz, exp(:Kz) and spa-
tially uniform light illamination Ip. Following the usual linearization procedure and assuming
that ps;; < eN,, the quantities N3, n., E and j. can be approximated by a sinusoidal form:

F(z) = Fo+ Fy exp(:Kz). Assuming that P, is uniform, the steady-state solution of the Eqs.(1-4




) for the space-charge field and the ionized donors density modulation is given by:

_ Ptiz, E4—1Eo

B = Keeos Favt E, —1E, (3)
+ _ _Ptin, E, '
Np, ===, Es+ E, —1E, (6)

where E; = Kk,T/e-diffusion field, E;, = Nge/eeoK - limiting space-charge field, Ey - external
applied field. The time constant with which the field E; is formed is equal to the conventional
grating formation time constant with the same average intensity and spatial frequency, formed in
the absence of the fixed grating [9]. This is because the fixed grating acts as a nonhomogeneous
term for the system of linearized Eqs. (1-4) replacing the sinusoidal intensity illumination; the
coefficients of the set of linear equation remain unchanged, and hence the time constant is the
same.

The total space-charge field (Eq. (5)) may be split into a sum of a field pyir, /1Keeo induced
by fixed, nonphotorefractive charges and a compensating field E;°"" formed by redistributed

charge carriers described by N . Namely,

Feomp _ eNp, _ _ priny E, )
1 1Keeg 1Keeo Eq+ E,—1E,

Note, that due to the finite dark conductivity, compensation of the fixed grating by dynamic
electronic space-charge takes place even when no homogeneous illumination is present.

Our description so far assumed a fixed grating due to an ionic grating. Similar analysis may be
applied to the case, where the fixed grating is produced by a spatial variation of the ferroelectric
spontaneous polarization. A spatial variation of spontaneous polarization is formally equivalent

to a fixed space-charge according to [10]: ping = —V P,. Then, assuming a sinusoidal modulation




of spontaneous polarization: P, = P,, + P,, exp(tKz) the equation (4) takes the form:

3z eeo (ND Me=No =2 8::) (8)
or, in linearized form, for the case By =0 :
e 1K
1KE, = e—eo' (Ni')'l — ey — ?Pn) (9)

where ¢ - mean value of dc dielectric constant. The value of the total space-charge field E; and

of the compensating electronic component E;™"" are given by:

- P _ ¥ _ A 1 (10
" €0 1+E,JEs e 1+ (A/A.)? )

2
porr = P _BafBa _ Pu _(A/A) (11)

where A = 2r /K - grating spacing and A, = Zr\/%TEI - Debye length.

The pertubation of the refractive index arises through the ordinary linear electrooptic effect
due to the total space-charge field F,. Even though it is more correct to describe the refractive
index variation in terms of polarization rather than electric field [11], both approaches lead to
the same result and, in this sense, are equivalent. The modulation in spontaneous polarization
also causes spatial variations of the linear EO coefficient and the dc dielectric constant. However,
for the case of zero applied field considered here these terms do not contribute to the index of
refraction variation.

In the case of fixing via ionic compensation the amplitude of the compensating electronic
grating is difficult to measure independently, since the thermal erasure of the ionic grating also
perturbs the electronic pattern. Electrical fixing which involves ferroelectric polarization, on

the other hand, enables one to perform direct observations and measurements of the dynamic




compensating grating, since the polarization pattern can be erased simply by applying a strong
positive electric field along the direction of spontaneous polarization of the PR crystal [6,7].
The latter process does not affect the compensating field Ey”", whose strength can then be
determined by measuring the diffraction efficiency of the residual hologram.

We studied experimentally the process of fixing and compensation of phase holograms in
photorefractive Srg 75Bag.25Nb20e. Electrica.l fixing was achieved by applying a negative voltage
pulse along the crystal c-axis after recording a space-charge grating with two input beams [7].
To avoid beam-coupling during recording and reconstruction, the ordinarily polarized beams
were used and the holographic diffraction efficiency (HDE) was monitored by an extraordinarily
polarized low-power He-Ne laser beam Bragg-matched to the initial hologram. A typical cycle
of recording, fixation, optical and electrical erasure is shown on Fig.1. After the fixed hologram
reaches steady state under illumination by a non-Bragg-matched erasing beam, a strong positive
voltage pulse is applied erasing the polarization grating. The residual revealed hologram corre-
sponds to the electronic compensating grating, which is measured by recording the power of light
diffracted from it. Figure 2 shows the dependence of the steady-state values of the fixed HDE
and the compensating revealed grating HDE with the grating spacing A. In agreement with
the model proposed the amplitude of the electronic compensating grating (Eq. 11) dramatically
increases with grating spacing.

Since in our experiments the effects associated with beam-coupling (i.e. longitudial change
of modulation index of hologram, self-depletion or self-enhancement) were carefully eliminated,

the diffraction efficiency, in the limit of negligible absorption and small index variation, may be




expressed, as

xd|An,|\?
L/ ot (A_cos"-o—) o TEIIE? (12)

where d- crystal thickness, 8 - Bragg angle inside the crystal, r.ss - effective linear EO coefficient,
E, - internal space-charge field variation. Then, according to Eqs. (10) and (11), independent of
the actual value of the polarization modulation, the ratio of HDEs of the fixed and compensating
(or “revealed”) gratings should obey the following relationship:

nomp

In —-
n[:z

where r;;, is effective electrooptic coefficient of the partially depoled crystal after a negative
depoling voltage is applied. The strong positive pulse that is applied to erase the polarization
grating and to reveal the compensating grating also poles the crystal and, consequenly, the EO
coefficient takes its original value rgﬁ. The experimental data shown on Fig.3 indicate a linear
relationship between In (7™ /n/**) and In A with slope ~ 4.2 4+ 0.2 which is in a good agreement
with the value 4, predicted by the theory (Eq. (13)). We should point out that since we don’t
know the dependence of P, with A the fact that the ratio plotted in Fig. 3 is independent of
P,, makes possible the comparison between theory and experiment. The ratio of the HDEs of
the compensating and fixed gratings is the same for both an ionic or a polarization fixed grating.
However, the fact that we could observe an optically erasable revealed compensation grating by
electrically erasing the fixed grating, strongly favors the hypothesis that the fixing was due to
polarization switching in the SBN fixing experiment [6,7]. The maximum modulation depth of
the spontaneous polarization, corresponding to the maximum fixed grating HDE, was evaluated

to be equal to AP, ~ 10~*P,, where P, ~ 8.1uC/cm? is the spontaneous polarization of the




completely poled Sro7sBao2sNbOg crystal at room temperature [6]. This small modulation
depth is responsible for the weak fixed holograms.

In conclusion, we have presented a model for the formation of a grating in the presense of
photorefractively inactive, fixed charge or polarization modulation. Application of this model to
electrical fixing in Srg7sBao.2sNb20s gives good agreement between experimental observations
and theoretical predictions.

This work was supported by the Advanced Research Project Agency and the U.S. Air Force

Office of Scientific Research. We thank Yong Qiao, Whye-Kei Lye, and Jiafu Luo for their help.
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Figure Captions

1. Figure 1: Diffracted signal as a function of time during the fixing experiment. Fixing
pulse amplitude is -1650 V/cm and its duration 0.5sec. Total intensity of recording beams
is 4mW/cm?, X = 488nm, intensities ratio m =~ 1. The transmitted probe light power
without the grating is 2.3uW. A: recording begins. B: writing beams are blocked and a
negative voltage pulse is applied. C: optical erasure with a non-Bragg-matched beam (I =
8mW/cm?) begins. D: the transient dip due to 180° phase shift between the polarization
and the electronic gratings. E: peak in HDE of the fixed grating; slow decay of fixed grating
begins. F': steady state of the fixed grating. G: positive voltage pulse (E = 4.2kV/cm,
duration 2 seconds) is applied (erasing beam is blocked). H: revealed compensating grating.

I: optical erasure.

2. Figure 2: Diffraction efficiencies of fixed (steady state) and electrically revealed compen-
sating gratings as a function of A. The same experimental parameters were used as in

Fig.1.

3. Figure 3: Log-Log plot of the ratio of HDE’s of the revealed compensating grating and the
fixed grating vs. grating spacing. Points obtained for A <.5.5um were not included since
the diffracted signal off the revealed hologram is less than the noise level. The linear fit
has the slope 4.2 £+ 0.2 which is in good agreement with the theoretically predicted value

4.0.
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We propose a new method of volume hologram multiplexing/demultiplexing in noncentrosymmetric media.
Volume holograms may be multiplexed by tuning the material parameters of the recording medium (such as
refractive index or lattice parameters) while keeping the external parameters (wavelength and angles) fixed.
For example, an external dc electric field alters the index of refraction through the electro-optic effect, effectively
changing the recording and reconstruction wavelengths in the storage medium. Then the storage of holograms
at different fields, hence different indices of refraction, is closely related to wavelength multiplexing. We
demonstrate this concept in a preliminary experiment by electrically multiplexing two volume holograms in a

strontium barium niobate crystal.

Holographic data-storage systems typically use
angular,'? wavelength,® or phase-coded*® multiplex-
ing. Of these, the first two techniques exploit the
dependence of the Bragg condition on the angle and
wavelength of the writing beams:

K, =k, -k, (1)

where K, = 27/A, is the magnitude of the grating
vector, k, = k; = 27n/A are the magnitudes of the
reference and signal-beam wave vectors, respectively,
A, is the grating period, n is the index of refraction,
and A is the vacuum wavelength. However, the in-
dex of refraction is an additional degree of freedom
in the Bragg condition that can be controlled by an
external electric field.® In this Letter we establish a
relation between electric-field and wavelength mul-
tiplexing and present the results of a preliminarv
experiment that demonstrates the concept of field
multiplexing.

We first derive a simple relation that illustrates the
formal equivalence between wavelength and electric-
field multiplexing under special conditions. This
treatment is restricted to the case of counterprop-
agating signal and reference beams, both normally
incident upon the crystal. In this case, the Bragg
condition [Eq. (1)] becomes A, = A/2n, and the Bragg
selectivity is maximal. Let us apply a field E to the
crystal. Then, differentiating the Bragg condition
at constant temperature T and mechanical stress
o, we obtain a relation for the change AA required
to maintain Bragg matching under field-induced
changes An(E) and AA,(E):

A)r _ An(E, ) + AA(E)
A n A,

(2)

0146-9592/93/070534-0385.00/0

Because the index of refraction in the crystal depends
on the electric field and the wavelength,

dn(A)
da

Substituting Eq. (3) into Eq. (2), we obtain a general

relationship for the change in wavelength equivalent

to a field-induced change of the index of refraction
and grating period:

AA _ 1 An(E)
A (1 — A/n dn/dA)

An(E,A) = An(E) +

AA. 3)

AA,(E):I @

n A

In a noncentrosymmetric crystal, the field induces
an index change that is due to a combination
of the electro-optic, elasto-optic, and piezoelectric
effects’ and may rotate the principal axes by a field-
dependent angle. We consider a simple yet common
case, in which the optical and dc fields are parallel to
the field-induced principal axes, and these axes do not
rotate. Then the change in index along a principal
axis is

3
An(E,) = —%(mEn + PimdinEL), (5)

where ry, pi., and d,, are the electro-optic, elasto-
optic, and piezoelectric tensors, respectively, and | =
({/) and m = (np) in contracted notation. The field
also induces a strain in the crystal, given by the
second term on the right-hand side in Eq. (2):

AA

—AT' = dE; . 6
Therefore this multiplexing technique is based on
varying the material parameters such as the index
of refraction and the lattice parameters. These pa-
rameters are also dependent on the temperature T

© 1993 Optical Society of America




and mechanical stress o, and a relation analogous to
Eq. (4) is obtained on replacing E with T or o for the
cases of temperature or stress multiplexing. For the
case of constant E and o,

AA _ 1 An(T)  AA(T)] on

A (1 — A/ndn/dA)} n Ay |
vrnereas for constant T and E,

Ax _ 1 Bn(o) | AAD] o

A (1 - A/ndn/dA)| n A

To simplify the analysis of electric-field multiplex-
ing described by Eq. (4), we neglect the index dis-
persion dn/dA relative to n/A [for strontium barium
niobate (SBN:75), A/n drn/dA = 0.2, an error of 20%).%
The second term on the right-hand side of Eq. (4),
the strain term, is in general of the order of An/n.
Define a scale factor £z according to

An(E) = AAJE) _  An(E)
+ = &g
n Ag n

, 9)

where £ is assumed to be a slowly varying function
of field E and typically 0 = |¢z| < 10,° depending on
the sign and magnitudes of the linear electro-optic
and piezoelectric coefficients. We define analogous
scale factors for the temperature dependence

An(T) N AAU(T) - érAn(T),

n Aq n (10)

where A, = aAT (a is the thermal expansion coef-
ficient), and for the stress dependence,

An(o)  AAlo) _ | An(o)
n Ag = ¢ n

: (11)

where the first term on the left-hand side is a piezo-
optical contribution and the second term is the strain.
Then the index selectivity or index half-power band-
width, defined as |An|rwum, for constant T and o,
is related to the spectral half-power bandwidth of a
Bragg peak!® by Egs. (4) and (9),

|anlewan _ 1 1AAlbwHM _ 1 A 12)
n fe A ée L
where L is the thickness of the crystal. This ex-

pression relates the Bragg selectivity for field mul-
tiplexing to the familiar result for wavelength mul-
tiplexing. Because the grating period for two plane
waves in this configuration is A, = A/2n, the min-
imum index change Ann, = 2|An|rwym between ad-
jacent holograms written at the same wavelength
is

A
éeL
where the temperature and stress are assumed tn be
stabilized to within

Anpn = (13)

-1
AT << %Anmm(g—;) : (14)
T
1
Ao << 2’-5 Anm,,.(g—:;) : (15)
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Therefore the number of holograms N, that can be
multiplexed electrically is

Maw _ oL dn
Anm,. A dE

To maximize Nuo, the crystal must satisfy two
primary requirements. The material must have at
least one large electro-optic coefficient that induces a
significant index change for an electric field along (1)
K, for beam coupling and (2) é,,é; (the polarization
vectors of the reference and signal) for electrically
biasing the index of refraction. In addition, there
are three conditions of secondary importance; it is
desirable that the field does not rotate (3) the polar-
ization or (4) the principal axes, and (5) the material
should have a large piezoelectric tensor component
din of the proper sign such that £; is maximized.
Failure to satisfy conditions (3) and (4) will reduce
the beam coupling, because the polarization of the
two beams will no longer remain parallel and in the
desired direction of condition (2) as they propagate
through the crystal.

The optimum geometry for electric-field multiplex-
ing is achieved with counterpropagating signal and
reference beams normally incident upon the crystal.
This configuration has two primary advantages.
First, the counterpropagating configuration exhibits
inherently low cross talk and high wavelength
selectivity.® Second, it eliminates the detrimental
Snell’s law dependence of the angles in the crystal on
the index of the crystal. In fact, for the transmission
geometry with equal angles of incidence, the index
dependence of the Bragg condition disappears:

Nholo = AE ... (16)

2A; N ysal SIN Ocryeal = 2A, Sin 8, = A a7

Note, however, that the Bragg condition retains its
field dependence A,(E) even in this case. In the opti-
mal counterpropagating normally incident geometry
discussed above, electric-field multiplexing is closely
related to wavelength multiplexing (except that the
photorefractive beam coupling and phase are now
field dependent,!! and the field induces a strain).

In the optimal reflection-grating geometry, we can
estimate Ny, from relation (16). For typical param-
eters (Ap = 0.5 um, L =1 cm, extraordinarily po-
larized signal and reference beams) and estimating
& = & = 1.25, we calculate from relation (13) that
Anpmn = 4 X 1075, This implies from relation (14)
that, for a material such as SBN:75 with dn/dT =
2.5 X 1074,° the temperature must be stable to within
T << 0.16 K at 300 K. Because rj; is the only signif-
icant electro-optic coefficient in SBN:75, the optimal
geometry is a compromise to satisfy simultaneously
both conditions (1) and (2) (Fig. 1). This configura-
tion also satisfies conditions (3) and (4). The total
index tuning range in the optimized configuration
is ~Ang, = 0.0025, half of Anp,, = 0.005 (Ref. 12)
for a material such as SBN:75. Then the number of
holograms that may be electrically multiplexed about
Ao in SBN:75 is calculated from relation (16) to be
~60.

In order to demonstrate experimentally the con-
cept of electric-field multiplexing. we have used
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Fig. 1. Optimum configuration for electric-field multi-
plexing in SBN:75, with r3; = 1340 pm/ V.

Reference Picture

Gnd vdd

Fig. 2. Transmission configuration with external field
applied opposite to the ¢ axis.

(@ (b)
Fig. 3. Electric-field demultiplexing of two fixed holo-

grams: (a) 0 V/em, (b) 2000 V/cm.

Sry15Bag 2sNbyOg (SBN:75), with principal axes nor-
mal to the crystal faces. The orientation of the axes
relative to the crystal faces (Fig. 2) prevents us from
satisfying condition (1) in the counterpropagating
configuration, because rj; is the only large electro-
optic coefficient in SBN:75. Therefore, we performed
a preliminary experiment in a transmission-grating
configuration (6;,, = 90°, 6;,;; = 60°), which demon-
strates the concept of electric-field multiplexing. A
single fixed hologram at 0 V/em may be switched

to the off-Bragg condition with a field increment
as low as 500 V/cm and recovered when the field
returnsto 0 V/ecm. In addition, we have individually
fixed two holograms (angular bandwidth of images
=4 mrad), one written with no external field
[Fig. 3(a)] and another written with a field of
2000 V/em [Fig. 3(b)]. (To the authors’ knowledge,
this is the first demonstration of selective fixing of in-
dividual holograms and will be reported elsewhere.'*)
The holograms are selectively addressed by reapply-
ing the field at which they were written. As seen in
the figures, the two holograms exhibit little cross talk
(diffraction efficiency =1%). The holograms have
also been demultiplexed by varying the angle of the
reconstruction beam.

In conclusion, the addressing of individual holo-
grams, which is usually performed by tuning the
angle or wavelength of the reconstruction, is demon-
strated by applying an electric field. This method
can be used either independently or in combination
with other addressing methods to fine tune the Bragg
condition. For instance, electric-field multiplexing
can be used in conjunction with wavelength multi-
plexing to tune continuously around discrete laser
lines. Alternatively, field-multiplexed holograms can
be angle or wavelength demultiplexed or vice versa.

This research is supported by the Army Research
Office and the Air Force Office of Scientific Research.
Anthony Kewitsch acknowledges the support of an
Office of Naval Research graduate fellowship. We
thank R. Hofmeister and S. Yagi for their assistance.
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Abstract

We discuss beam coupling and spatial mode conversion in photorefractive waveguides
and their potential applications for efficient coupling of optical energy from a free-
propagating mode to low-order guided modes. Experimental verification of the concept
using a thin strontium barium niobate plate is reported.
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Beam coupling in photorefractive bulk crystals has been studied intensively and
demonstrated for many application concepts, including coherent image amplification,

image processing and parallel logic .opcrgtions.l In contrast, photorefractive beam
coupling and spatial mode conversion in guided wave structures have attracted much less

attention.2"® The latter has potential application in facilitating the coupling of a free
propagating laser beam to low-order guided modes in an appropriate waveguide

structure.” In this paper, we discuss this novel concept and present experimental
demonstrations of beam coupling and spatial mode conversion in a thin plate of strontium
barium niobate (SBN:75) crystal.

In a multimode waveguide or fiber, a higher order mode can be represented by a wave-
vector K7 propagating at an angle 0, (relative to the fiber axis) which is larger than the

corresponding angle 8 associated with a lower order mode (Fig.1a). If the fiber is made
of photorefractive material with c-axis parallel to the fiber axis, energy can be transferred
from the higher order to the lower order modes via photorefractive beam coupling as the
optical wave propagates towards the "+¢" direction (Fig.1b). In principle, if the product

of the coupling constant and the interaction length (I'L) is sufficiently large (and
assuming negligible loss), all the energy will eventually be transferred to the lowest order
mode. In addition, the dynamic nature of the photorefractive grating can adaptively
correct for certain changes in the input beam geometries such as the direction of beam
injection and the beam profile. This process can therefore facilitate the coupling of a
laser beam to a fiber or waveguide by not only improving the coupling efficiency but also
reducing the sensitivity to misalignment.

In the following, we describe the experimental configurations and discuss the
experimental results of beam coupling and mode conversion in a one-dimensional
geometry using a photorefractive planar waveguide. The sample is a regular (xyz) cut
SBN:75 plate (~9mmx10mmx1mm) with c-axis lying along the large a-face. Both a- and
c- faces are optically polished.

For the study of multiple-beam coupling in discrete modes, four parallel beams
originating from an argon laser (514.5nm) were focused and coupled into the plate from
the c-face at different angle of incidence via a focusing lens L (f = 63mm) as illustrated in
Fig.2a. The output of the signal beam (i.e., the one parallel to the c-axis) was monitored
by a detector. When the beams are injected towards the "+c" direction, energy transfer
from the other beams into the signal beam, and vice versa, was observed.

For the study of spatial mode conversion in a continuum of K-vectors, the four discrete
beams were replaced by an expanded sheet of beams via appropriate cylindrical optics
(Fig.2b). The fact that the mode conversion (from the higher order to the lower order, or
vice versa) is due to photorefractive dynamic grating is verified by introducing a strong
erasure beam (with polarization orthogonal to that of the signal beam) from the a-face.




As the erasure beam was turned on, the coupling decayed with the characteristic
photorefractive time constant. The output signals with and without the presence of the
erasure beam are shown in Fig.3. Quantitative characterization of the phenomena
described above will be presented.

This work is supported by ARPA/AFOSR under contract No. F49620-92-0067.
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Fig.1 (a) Geometrical representation of wave-vectors  Fig.2 Experimental geometry for (a) beam coupling
associated with higher-order and lower-order in discrete modes, (b) mode conversion in a
modes in a multimode waveguide; (b) a continuum of K-vectors in a photorefractive
conceptual illustration of spatial mode planar waveguide.

conversion in a photorefractive waveguide.

erasure beam OFF
{signal ~ 0.51mW) —\}

erasure beam ON
(signal ~ 0.50mW)

1.982 8 18 3D.09080ev | B.2380dav

Fig. 3 Experimental results, corresponding to Fig. 2(b), showing the signal output
with and without spatial mode conversion. The oscillograph on the right is a
magnified (8x) version of the one on the left.
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